Abstract. Eutrophication-promoting phosphorous loads originating from wastewater treatment plants are commonly controlled by chemical precipitation in the tertiary treatment phase. However, this approach is costly and generates additional waste. Therefore, inexpensive and sustainable methods for wastewater post-treatment are wanted. The artificial aquatic food-web that performs wastewater phycoremediation by algae and subsequent biomass harvest by filter-feeding organisms not only requires low energy consumption but also produces biomass for treatment process cost recovery. Still, the knowledge on its performance at different scales and under different climates are limited. In this review, the application possibilities of the artificial aquatic food-web for domestic wastewater post-treatment is discussed, focusing on its use in cold climate regions. Considering the reduced biological activity of aquatic organisms at low ambient temperature, possible solutions for its performance and prospect application at low temperatures are suggested. Finally, directions for future research regarding the practical use of artificial aquatic food-web are highlighted.
Introduction
With the increase of global population and its economic activity natural surface waters receive elevated pollution loads.
High nutrient, especially phosphorous concentrations lead to evolvement of eutrophic ecosystem state. It provides favorable conditions for rapid algal growth that further evolve in oxygen depletion, aquatic animal death and overall deterioration of ecosystem health and the services it provides. It has been estimated that in the U.S. alone, surface water eutrophication and its outcome cause damage equal to $2.2 billion annually (Dodds et al., 2009) , mainly affecting the recreation, real estate and fishing industries. Considerable amount of nutrient pollution originates from point sources, with the major share coming from wastewater treatment plants (WWTPs) (HELCOM, 2015) . Substantial role is played by small WWTPs (<2000 PE) with no requirement for phosphorous content reduction (EEC Council, 1991) .
To reduce eutrophication caused by WWTPs, their management sould be reconsidered. Currently additional phosphorous reduction can be performed using many different methods, however it is mainly done by chemical precipitation at the tertiary wastewater treatment phase (Yang et al., 2010) . However, use of chemicals is associated with excess waste sludge production and a risk for secondary water pollution (Morse et al., 1998) . In addition, both capital and operational costs of tertiary wastewater treatment phase can significantly increase the total expenses of the process (Molinos-Senante et al., 2010) . As an alternative, biological methods are
proposed. Numerous studies have demonstrated that algae use for wastewater treatment is an efficient measure for reducing nutrient concentration to natural background levels (Ruiz-Marin et al., 2010; Arbib et al., 2014; Gao et al., 2016; Sutherland et al., 2014; Wang et al., 2017) and it also produces raw material for valuable substance extraction (Borowitzka, 2013) . However, the high costs of algae biomass harvest is the major limitation that hampers its implementation for full-scale wastewater treatment (Milledge, Heaven, 2013) .
A perspective, yet undeveloped technique for algae biomass harvest is the use of natural algae grazers. In natural ecosystems algae cells are consumed by filterfeeding organisms from higher trophic levels. When isolated from each other, algae, zooplankton and planktivorous fish forms an artificial aquatic food-web (AAFW). Such a system removes nutrients and other pollutants from wastewater and harvest the algae biomass. This approach offers not only an energy efficient wastewater post-treatment but also produces valuable biomass for treatment process cost recovery. Although the AAFW`s have showed efficient nutrient reduction in laboratory scale and mesocosms (Jung et al., 2009) , this system has been studied only under optimal conditions. The impact of ambient climatic factors (temperature, light) on the AAFW and its performance remains unclear, especially in the northern hemisphere with low annual temperature and light intensity. Also, the influence of biotic factors, such as biochemical content of the algae as well as species composition of the system, is unknown and requires further studies.
This review aims to point out and discuss the identified limitations and ambiguities, as well as offer possible improvements and modifications for wastewater post-treatment in small WWTPs with artificial aquatic food-web in cold climate.
Artificial aquatic food-web for wastewater treatment

General performance
An artificial aquatic food-web consists of freshwater organisms from sequential trophic levels. Its performance in water treatment is ensured by isolating the organisms from each other . In the first step, algal photosynthetic growth reduces nutrient contamination. Next steps include filter feeding activity of natural algae grazers that removes it from the water. For zooplankton harvest, planktivorous fish is used. If necessary, final polishing phase can be added. Additionally, zooplankton and fish provides valuable aquaculture products (Fig. 1) . Algae cultivation for wastewater post-treatment provides a cost-effective and environmentally friendly alternative to currently used methods (Wang et al., 2010) , while the use of filter feeders is viewed as an economical method for algae biomass harvest (Milledge, Heaven, 2013) . Phycoremediation or the pollutant removal from wastewater by the AAFW is ensured by algal metabolism. Nutrients are consumed and further transformed through a series of biochemical processes taking place in the algal cell. They can be assimilated into nucleic acids and proteins for algae biomass growth or stored in the algae cells (Cai et al., 2013; Whitton et al., 2015) . In wastewater, nutrients are mostly found in the organic form and as inorganic compounds such as ammonium, nitrate and orthophosphate. Ammonium is the preferred form of nitrogen for algae uptake, while nitrate within the algae cell is reduced back to ammonium and assimilated into amino acids for the synthesis of proteins (Beuckels et al., 2015) . Inorganic phosphorous in turn, is utilized for ribosome RNA synthesis. In addition, microalgae can consume extra phosphorous through a luxury uptake, store it in the form of polyphosphate and utilize it at low external phosphorous conditions (Wu et al., 2012) . It has been demonstrated that algae can also absorb heavy metals (Ji et al., 2012) , reduce micropollutant content (Norvill et al., 2016) and develop unfavorable ambient conditions for coliform survival (Ansa et al., 2012) .
It is estimated by Guiry (2012) , that in total there are roughly 72 500 different species known and described for freshwater, marine and terrestrial algae. However, relatively few of them have been tested for the tolerance in wastewater (Palmer, 1969; Aravantinou et al., 2013) . Among others, Chlorella and Scenedesmus species alga are far more often used for wastewater treatment (Arbib et al., 2014; Bohutskyi et al., 2015; Wang et al., 2016; Álvarez-Díaz et al., 2017) .
Wastewater treatment with microalgae is performed in open or closed systems. Open systems include natural lagoons, ponds and lakes as well as artificially created ponds and tanks (Ugwu et al., 2008) . Due to their simplicity in construction and maintenance, open systems such as high-rate algal ponds are the preferred installations for algae-based wastewater treatment. On the other hand, the treatment process becomes less controllable. Closed systems, which are represented by various designs of photobioreactors allow more control over the treatment process, but are more expensive to install and maintain (Shen et al., 2009) .
Due to the microscopic cell size and proportion (up to 0.05%) of dry weight in the total suspension, largescale algae biomass harvest by physical and/or chemical methods is problematic (Milledge, Heaven, 2013) . Instead, the artificial aquatic food-web can be used, which employs filter-feeding organisms that naturally graze on algae. Here, zooplankton, mussels and filter feeding fish species can be used. For instance, cladocera group zooplankton individual filters 11 ml of water and consumes 40 µg of food on a daily basis (Peters, Downing, 1984) . Their concentration in known AAFW systems have exceeded 1000 individuals per liter. In addition, due to their high nutritional value, zooplankton is a valuable biomass for downstream processing (Montemezzani et al., 2015) . Also Dreissena polymorpha mussels are effective filter-feeders -an individual is capable to filter up to 400 ml of water per hour with high clearance rate for particles sized up to 40 μm (Binelli et al., 2014) . However, this mussel species is recognized as invasive in many parts of the world and is therefore undesirable for practical use. Filter-feeding and planktivorous fish can be used whether for direct algae uptake or for zooplankton harvest. A study by Turker et al. (2003) shows, that Nile tilapia and Silver carp are more efficient in zooplankton removal, than reducing the algae content. The overall filtration efficiency in AAFW varies between selected organisms and their feeding mechanisms, food type and quality, as well as the environmental conditions .
The use of microalgae for wastewater bioremediation was first proposed back in the 1950s. Oswald, et al. (1957) demonstrated photosynthetic algae biomass production in domestic sewage as aeration technique with low energy requirement. Right after that, algae-based nutrient removal and recovery from wastewater was successfully demonstrated (Oswald, 1962; Gates, Borchardt, 1964; Hemens, Mason, 1968) .
The use of filter feeders for algae biomass harvest is a more recent and less adapted development (Table 1) . Kawasaki et al. (1982) used a lab-scale system consisting of Scenedesmus sp. algae, Daphnia sp. zooplankton and Notemigonus crysoleucas, Pimephales promelas and Notropis lutrensi filter feeding fish as a tertiary water treatment system. It was reported that such a system could remove up to 78% of nitrogen and 98% of phosphorous compounds from secondary treated domestic wastewater during a 17-day run. However, due to high pH (>10) in the algae reactor, more phosphorous were removed by precipitation than algal uptake. In addition, significant portion of phosphorous returned to the system in the algae harvest phases. Similar nutrient reduction results were achieved by Kim et al. (2003) and Jung et al. (2009) . However, they excluded filter-feeding fish from the treatment system which operated for 45 days. In a recent study, mixed algal and zooplankton cultures were used to treat eutrophied subtropic river water (Guo et al., 2016) , with the nutrient removal ratio of 28 and 47% for total nitrogen and phosphorous, respectively. (Guo et al., 2016) Although proved to be efficient in laboratory scale and demonstrating significant pollutant reduction rates in outdoor conditions, such systems still need to be tested under different climates. The influence of abiotic factors, such as seasonal temperature, fluctuating water inflow rate, as well as natural light regime are location-specific. Thus, similarly to other wastewater bioremediation systems (Vymazal, 2005; Khan et al., 2013; Mani, Kumar, 2014) , variable performance efficiency can be expected in different climate zones. Also, biotic factors, such as species selection for AAFW organisms is likely to affect its performance. For instance, zooplankton preference for green microalgae species can reduce the algae harvest efficiency, especially when open cultivation systems with mixed algae strains are used (Sommer et al., 1986) . Under natural conditions such a system can undergo a major species succession during a long-term run, which could also affect the treatment efficiency.
Efficiency in cold climate
Wastewater phycoremediation in higher latitudes is limited by the short vegetation season driven by low temperatures and shorter daylight hours in seasons other than summer. For instance, depending on species and growth medium, the specific growth rate of algae can decrease by up to 80 times if the ambient temperature is lowered from 20 to 10 °C (Roleda et al., 2013) . Low temperature also becomes a concern if filter feeding organism use is considered for algal biomass harvest. Due to these factors, AAFW use for water treatment in cold and temperate climates is not practiced. Still, existing studies on wastewater phycoremediation in low temperature offer potential solutions.
A study by Teoh et al. (2013) indicates the importance of algal strain origin. They showed that Clamydomonas sp. isolated in cold climate zone lost productivity and the resulting nutrient uptake rate at temperature above its natural environment. Also, it has been demonstrated that nutrient removal rate is significantly affected by the available photosynthetic active radiation (PAR), while the role of temperature is minor (Craggs et al., 1997; Tang et al., 1997; Schmidt et al., 2016) . Still, due to the low temperature, slower nutrient removal pace was observed. Even though experimental scale studies show nearly complete contamination removal, algal bioremediation efficiency decreases with system scale-up. For instance, a comprehensive study by Grönlund (2004) showed that at temperature below 10 ºC and PAR below 200 µmol m 2 s -1 nitrogen and phosphorous concentration reduction by 47 and 20 % was observed in a pilot-scale high rate algal pond (HRAP). Although algae-based nutrient reduction is possible at low temperatures, AAFW approach cannot be used in open systems during winter at negative temperatures. As a solution, greenhouse treatment plant has been proposed. For instance, Guterstam (1996) used a hybrid system consisting of conventional wastewater treatment plant and AAFW for additional treatment. This setup showed reduction of total nitrogen and phosphorous by 24% and 17%. Additionally, pathogen content was reduced close to bathing standards. However, during the winter period, his system that treated 6.12 m 3 of wastewater per day, required 58% more electrical energy than in summer, mostly for extra lighting and heating. Therefore, it was suggested that the energy costs required to run such a system in cold climate can be covered if valuable biomass is produced by the AAFW for a profit. Similar study was conducted by Norström (2005) , who achieved higher nutrient reduction rate but the resulting energy consumption led to the same conclusions.
Prospects and concerns of the AAFW use in cold climate
Enhanced phosphorus uptake by algae
Phosphorus content reduction in wastewater is directly related to algal biomass production. Thus, algae-based wastewater treatment is limited to warm areas while in cold climate regions algal photosynthetic growth is hampered by insufficient temperature and light intensity. On the other hand, nearly complete orthophosphate removal has been demonstrated even at 4 °C by algal monoculture (Craggs et al., 1997) . Such phenomenon can be explained by enhanced phosphorous uptake due to the luxury uptake mechanism, when algae cells stores excess phosphorous as inorganic polyphosphate granules (Schmidt et al., 2016) . Although this mechanism is not clearly understood, it is known to be affected by light intensity, temperature and phosphate concentration available for uptake (Brown, Shilton, 2014) .
Polyphosphate accumulation due to luxury uptake can increase the normal P content in algae cells up to three times (Powell et al., 2008) . At lower temperature polyphosphate accumulation rate decreases, but remains at considerable amount. Temperature also has influence on the form of polyphosphate within the algae cell. Acidsoluble polyphosphate (ASP), which is stored shortly and is used for metabolism, is accumulated even at low temperatures. At higher temperature extra accumulation of the acid-insoluble polyphosphate (AISP) take place, which remains stored for longer periods (Powell et al., 2009) . These findings show, that luxury uptake could compensate the reduced algal phosphorous consumption at lower temperatures. Still, a control of this mechanism for practical wastewater treatment applications remains a challenge.
Apart from the luxury uptake mechanism, enhanced phosphorous uptake from wastewater can be stimulated by algae starvation. Phosphorous starved algae have low internal P content and higher uptake potential. When exposed to phosphorous-rich environment again, algae cells rapidly resupply their internal P content. Phosphorous uptake rate from wastewater by starved algae increase by up to 18 times, compared to well fed algae (Hernandez et al., 2006; Van Moorleghem et al., 2013) . However, it is not clear, whether this mechanism is temperature dependent and what effects it has on further algae metabolic processes.
Biological harvest activity
All biological activity, including feeding and metabolic rates of aquatic organisms, is affected by the ambient temperature. With increasing temperature, the biological activity grows exponentially and vice versa (Brown et al., 2004) . Thus, a lower filter feeding activity and overall performance of the AAFW can be expected during the cold season.
Various experiments show that the ambient temperature has both physical and physiological impact on feeding activity. Low temperature changes the water viscosity which consequentially influences the feeding rate of aquatic organisms. It was shown in a lab experiment that Daphnia sp. zooplankton ingestion rate was 50 -80% lower at 10 °C than at 20 °C, and the elevated water viscosity at lower temperature accounted for most of that decrease (Loiterton et al., 2004) . Also, the considerable difference in algal growth rate at 10 and 20 °C (Roleda et al., 2013) can have negative effect on certain filter feeder ingestion rates. A controlled lab experiment by Riisgård et al. (2003) showed, that feeding rate by bivalves decreases and even stops at low food availability. Therefore, an AAFW consisting of algae and bivalves is a subject of variable season-dependent operational efficiency. These findings indicate, that during the cold season harvesting component of the AAFW system would require longer hydraulic retention time (HRT), thus complicating the overall system design. On the other hand, additional thermal energy would adjust the temperature to optimum levels. However, it would lead to considerable system maintenance cost increase. Furthermore, the food quality available for filter feeders is another concern for their performance at low temperature. To our best knowledge there have been no studies that show how attractive for filter feeder consumption are the algae cells that store phosphorous rather than use it for lipid production. These shortcomings pose limits to the AAFW use in cold climate and addresses to a need for controlled environment when used for wastewater post treatment.
An overview on state-of-the-art for prospect of application
Experimental applications of AAFW shows good wastewater treatment on mesoscale at warm climate. However, the identified limitations on its potential performance at low temperature suggests that such a system requires controlled conditions. This could be solved by placing the AAFW system in a greenhouse with adjustable temperature and light intensity. Although Guterstam (1996) suggested that such an approach is detrimental due to high energy consumption, since his research there has been a rapid development in alternative and low-cost energy supply technology (Lund et al., 2014) and also new and efficient insulation materials have been introduced (Schiavoni et al., 2016) . Thus, costs for thermal and electrical energy can be significantly reduced. Moreover, advanced greenhouse farming which include both smart and passive greenhouse concept (Ismail et al., 2016; Harjunowibowo et al., 2016) offers an elegant solution for balanced energy distribution in line with the ambient climatic conditions, providing the minimal optimum of light and temperature as well as significant energy savings in the winter. Still, the capital investment for such a greenhouse remains the main economic issue.
The performance of AAFW at low temperature is also largely determined by its organism selection. Apart from wastewater-tolerant algae and filter feeders with high water filtration and ingestion rates, their adaptation capability to low temperatures must be considered. If the AAFW for wastewater post treatment would consist of organisms adapted to low temperatures, potentially less energy addition would be required during the cold season. Still, this assumption needs to be confirmed by a case study.
Future research
Current research on enhanced phosphorous uptake and accumulation by algae has been focused on mixed cultures. Thus, no single species has been identified to contribute to this process more than others. Such information becomes important, when AAFW is used under controlled conditions, which allows algae monoculture use for pollutant removal. Identifying an algal strain with higher phosphorous uptake and accumulation capacity would increase the overall performance of AAFW.
Algae strain choice also should be based on filter feeder food preference which differs between algae functional groups. Food choice for algae grazers also depends on their biochemical content. However, it is unknown whether phosphorous storage affects the algal nutritional value and its further preference for grazing. It can be hypothesized, that phosphorous storage due to luxury uptake or algae starvation reduces their lipid and protein synthesis, thus making it less attractive to filterfeeders. However, this assumption needs to be validated with a case study.
Although enhanced phosphorous consumption by luxury uptake or algae starvation is a promising mechanism for wastewater phycoremediation at low temperatures, technical solutions for ensuring the process needs to be developed. Algae starvation method based on biomass recirculation principle could be a solution, but its applicability and efficiency assessment requires practical tests.
One of the major issues of AAFW use for wastewater post-treatment in cold climate is the energy consumption and resulting costs. If AAFW consisting of organisms tolerant to low temperature is combined with passive and/or smart greenhouse concept, energy consumption could be significantly reduced. A case study is required to approve this assumption.
Finally, there is very limited knowledge on micropollutant removal from wastewater by AAFW. Several studies have demonstrated the applicability of algae for micropollutant reduction in wastewater (Ansa et al., 2012; Mani, Kumar, 2014; Gentili, Fick, 2016) , but still limitations and knowledge gaps exist to rely on this method as an effective mean for such a purpose. Also, it is not clear, how presence on various micropollutants would affect the filter-feeding organisms and their further processing.
Conclusions and recommendations
The artificial aquatic food-web system provides a promising approach for wastewater post treatment as a cost-effective and sustainable technology. However, its applicability in colder climate is limited to vegetation season due to low biological activity and overall performance efficiency. Enhanced phosphorous uptake mechanisms could compensate the reduced wastewater remediation efficiency at low temperature. However, a knowledge to control these mechanisms needs to be developed.
The ambient temperature during cold season can significantly reduce biological harvest efficiency of the AAFW. Therefore, controlled environmental conditions provided by advanced greenhouse are required for optimum performance. Although the overall energy consumption of such an approach remains a concern, this problem could be possibly solved by AAFW consisting of organisms tolerant to low temperatures.
Further investigation is necessary on the synergy between algae stimulated for enhanced phosphorous uptake and their grazer feeding activity. In addition, influence of variable chemical content in the wastewater needs to be studied, focusing on pollutants with adverse ecological and human health effects. This becomes highly important when AAFW organisms are used as aquaculture products.
